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ABSTRACT 
This thesis summarizes previous research that investigated 
the limits states of horizontally curved plate girders and reports 
on the testing of a curved plate girder assembly. Evaluation of 
the testing results leads to the conclusion that the present 
design specification is overly conservative. A modified approach , 
is developed so that a more accurate prediction of the strength 
of curved plate girders can be obtained. The modified approach 
includes using the effective length for lateral buckling, reducing 
the stresses at the diaphragms, considering the effect of the 
web in reducing distortion, and reducing the radial bending 
stresses. 
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1.  INTRODUCTION 
1.1 Background 
Horizontally curved girders are being used extensively for 
highway and railway bridges. Curved girders permit more efficient 
use of land and allow for more economical approach ways, as 
opposed to using straight members as chords of an arc for a horiz- 
ontally curved bridge or overpass. 
The state of stress in curved girders is more complex than 
(1 2) in straight girders due to the inherent torsional loading.  ' 
Normal stresses acting on the cross-section include bending, 
warping (non-uniform torsional), radial bending, distortional, and 
residual stresses. Shear stresses are due to bending, St. Venant 
(uniform) torsion, and non-uniform torsion. Figure 1 shows the 
distribution of these stresses on the cross-section. The residual 
stress distribution is dependent upon the fabrication process, 
flame cut, heat curved or cold bending, and therefore not shown. 
Due to the increasing use of curved girders and their 
complexity of stress distribution, a Consortium of University 
Research Teams (CURT) conducted an Investigation into the analysis 
(3) 
and design of curved girders.    Four universities, the University 
of Rhode Island, the University of Pennsylvania, Syracuse University, 
and Carnegie-Mellon University, participated in this Investigation. 
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The University of Rhode Island conducted full-scale test 
(3) 
on two single span composite box girders.    A modified grid 
method of analysis taking into account non-uniform torsion was used 
to determine stresses. Satisfactory agreement was obtained between 
calculated and experimental results. Scaled model tests conducted 
in the laboratory also showed good agreement. 
The University of Pennsylvania conducted small scale model 
(3) tests using rolled beams.    An equivalent straight beam analysis 
was used by modifying the stress resultants of a straight member. 
Non-uniform torsion was neglected, and therefore, this method of 
analysis is not very accurate. 
Syracuse University used a three-dimensional method of 
(3) 
analysis of a scaled model composite plate girder.    The analysis 
includes the effects of warping and assumes all members are straight 
and full composite action would be achieved. By assuming a 
"flexible" deck, analytical and test results of bending stresses 
showed good agreement. * 
Charles Culver of Carnegie-Mellon University investigated 
the limit states of curved girders.  ' '   The investigation 
included studies of local buckling and lateral buckling of the 
compression flange, web buckling, and combined bending and shear 
failure. 
Carnegie-Mellon conducted an extensive testing program. 
It included 22 tests on eleven plate girders and 40 tests on eight 
-3- 
box girders. The test results and analytical results showed good 
agreement in determining the bending strength beyond first yield 
for compact sections and the combined bending and shear strength. 
Test results also showed that due to curvature effects, the magnitude 
of postbuckllng shear strength was reduced from the predicted 
strength using straight girder theory, and that the predicted 
bending strength was conservative when considering lateral buckling 
of the compression flange. 
. Based on the analytical and experimental studies made 
primarily by CURT, tentative design specifications for horizontally 
curved girders   were proposed in 1975. The tentative specification 
was for allowable stress design considering only the elastic 
behavior. 
Washington University later restructured the tentative 
specification into a load and resistance factor design criteria 
(3) type format.    However, the restructured design was still based 
on elastic response only. 
Research on the fatigue behavior of curved steel girders 
(8) 
was conducted at Lehlgh University.    Analysis, design and testing 
of five twin plate girder assemblies and three box girders were 
carried out. Special analytical studies were conducted on the 
influences on fatigue of stress range gradient, heat curving, 
out-of-plane bending of webs, and diaphragm spacing. Five ultimate 
(9) 
strength tests   were also carried out to confirm overall failure 
modes. 
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1.2 Objectives and Scope of Work 
First yield and fatigue criterion have been established 
based on the research previously mentioned. However, the ultimate 
strength of curved girders has not been defined, nor how the 
geometry of the girder effects the ultimate strength. The American 
Iron and Steel Institute is sponsoring a research project at Lehigh 
University to investigate the ultimate strength of curved 
girders.     The purpose of the study is to develop a simple 
analytical method to predict the load carrying capacity of curved 
girders and develop a set of load factor design specifications based 
on ultimate strength. 
The work included in this project is the testing to 
failure of two full sized curved plate girder assemblies and one 
full sized curved steel box girder, the evaluation of test results 
of these three tests and of the five ultimate strength test con- 
ducted during the previous fatigue research project, develop an 
analytical model for predicting the ultimate strength of curved 
steel girders, conduct a parametric study of curved girders using 
the analytical model, and the formulation of new and rational load 
factor design specifications. 
The development of design specifications for and the 
testing of horizontally curved plate girders is the subject of this 
report. The previous work of Culver on local buckling, lateral 
buckling, analysis and test results of curved plate girders Is 
analyzed and developed for application to ultimate strength analysis, 
-5- 
From this, che influence of geometry of the girder is examined. 
The effects of the width-to^-thickness ratio (b/t) of the flange, 
the depth-to-thickness ratio (D/t ) of the web, the unbraced 
length of the flange to the width of the flange or slenderness 
ratio (A/b), the warping to bending stress ratio (I /L),  and the 
unbraced length of the flange to the radius of the girder or 
curvature ratio (£/R) are studied. The testing of one of the 
curved plate girder assemblies is reported and future plans for the 
testing of the other plate girder assembly as a proof test is 
discussed. 
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2.  LIMIT STATES 
2.1 Web Shear Capacity 
The major factors that influences the load carrying 
capacity of the web are the web slenderness ratio (D/ty) and the 
transverse stiffener spacing represented by the aspect ratio 
(do/D), where D is the depth and t the thickness of the web, and 
do is the stiffener spacing. To make the most effective use of 
material, plate girder webs are very slender as compared to rolled 
beams. Increasing the web slenderness will reduce the stiffness 
of the web. Likewise, by increasing the aspect ratio, the stiffness 
of the web is reduced. As the stiffness of the web decreases, its 
resistance to buckling decreases and its lateral bending strength 
decreases. Limiting the web slenderness ratio and transverse 
stiffener spacing to sufficient levels will insure adequate per- 
formance of the web. 
The upper bound of the shear capacity is the plastic shear 
load determined using Von Mise's yield condition for strength 
given by 
V-TDt     T-P //3 (1) 
p  y  «   y  y 
This capacity can be achieved only for stocky webs when buckling 
is prevented. 
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For slender webs, web buckling will occur prior to 
attaining the plastic shear capacity. Tests of straight plate 
girders with slender webs and transverse stiffeners have shown that 
considerable post-buckling strength can be developed.     As a web 
panel buckles, a diagonal tension field forms in the web panel 
acting as a diagonal member of a truss with the transverse stiffen- 
ers acting as vertical members of the truss in compression. The 
ultimate shear capacity of a straight girder can be expressed as 
the sum of the buckling and post-buckling strength. Basler 
developed the following shear capacity equations. 
V    T     , 1 - T /T 
p    y    Z  1 + (do/D)Z 
where 
T  - T . when T . < 0.8 T (3a) 
cr   cri     cri —    y ' 
and Tcr - 0.8 Ty Tcr± for Tcrl > 0.8 Ty        (3b) 
T   - k = r (A) 
Crl
    12(l-VZ)(D/t )Z 
w 
k   - 5.34 +  A,° . for do/D < 1.0        (5a) 
(do/D)Z 
k   - 4.0 + —5-^-  for do/D < 1.0        (5b) 
(do/D)Z 
and E is the modulus of elasticity, V is Poisson's ratio, and V 
and T are defined by Eq. (1). 
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(A 5) Test8 of curved plate girders  '  with slender webs 
and transverse stlffeners have shown that curved girders can also 
develop post-buckling shear capacity. The buckling capacity of a 
curved web panel has been determined to be greater than that of a 
straight web. The post-buckling shear capacity of a curved web 
panel has not been determined at this time. The overall effect of 
curvature is to reduce the ultimate shear capacity of a curved web. 
Test results have shown that straight girder theory, Eq. (2), 
predicts the shear capacity greater than measured results by about 
10Z. 
Due to initial out-of-straightness of the web, out-of-plane 
bending stresses develop in slender webs of straight plate 
(12) girders.     Lateral bending stresses tend to be highest at trans- 
verse stlffeners. For very slender webs these stresses may be 
sufficient to cause fatigue cracks to develop. By limiting the 
depth-to-thickness of the web and the stiffener spacing, out-of- 
plane bending stresses can be limited to prevent fatigue cracking. 
Curved girders have an inherent "out-of'straightness" due 
to the curvature of the web. The measure of this curvature is the 
stiffener spacing to radius ratio (do/R). In addition to the 
curvature of the web, out-of-straightness due to fabrication must 
also be considered in determining the bending stresses. By 
modeling a web by a series of curved elements subjected to constant 
bending moment and taking into account the curvature and out-of- 
-9- 
straightness of the web, out-of-plane bending stresses can be 
determined. 
Tentative design specifications  '   were developed to 
sufficiently limit the calculated out-of-plane bending stresses and 
Insure the bending moment capacity of the girder is not appreciably 
(8) 
affected. Revised design specifications   were later developed 
based on fatigue tests of transversely stiffened curved girders. 
The requirement for curved girders is a reduction of the allowable 
slenderness ratio of a straight girder, where the reduction is a 
function of the curvature. The requirement for the slenderness 
ratio is 
D/t< 36500 u_4 (do}] (6) 
w
    Fy        K 
where (do/R) is the measure of the curvature. 
2.2 Local Buckling 
The objective of designers is to obtain a certain level of 
stress prior to local buckling of the compression flange. The 
controlling parameter for local buckling is the wldth-to-thickness 
ratio of the flange (b/t), Width-to-thickness requirements for 
straight girders provides for attaining one of two stress levels, 
the maximum stress just reaching the yield stress for non-compact 
sections, and full yielding and rotational capacity for compact 
sections. 
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Culver^ '   Investigated the local buckling of curved 
girder flanges using isotropic plate theory in the elastic range 
and orthotropic plate theory in the inelastic range to determine 
the governing characteristic differential equations. The flange 
was modeled in two sections, the inner and outer half of the flange 
as shown in Fig. 2. Although one-half of the flange will buckle 
first, the rotational restraint of the other half of the flange was 
conservatively ignored. The rotational restraint due to the web was 
Included in the model through the support conditions. 
Normal stresses acting on the flange Include bending, 
warping, and residual stresses. Shear stresses were ignored, but 
the maximum bending and warping stresses were conservatively 
assumed to occur at the same location along the girder. 
For the case of uniform stress acting on the flange 
(bending stresses only) the characteristic equations result in a 
set of homogeneous equations that can be solved to determine the 
critical stress for a given b/t ratio, or the critical b/t ratio 
for a given stress level. When the longitudinal stree'ses vary 
across the width of the flange, the coefficients in the character- 
istic equations are not constant. For variable coefficients the 
method of finite difference was used to determine the critical b/t 
ratio for the state of stress. 
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The general form of resulting of Che b/t requirement is as 
follows 
b/t - —*-? (7) 
12 (1 - vz) Fy 
where E is the modulus of elasticity, V is Poison's ratio, Fy is the 
yield stress, and k is the buckling coefficient. Using experimen- 
tally determined elastic and inelastic material properties, values 
for the buckling coefficient were determined for various curvatures, 
unbraced lengths, states of stress, boundary conditions, and 
material properties. For uniform stress, bending only, the effect 
of the curvature had little effect on k. For non-uniform stress, 
warping and bending, the outside tip of the flange will yield first. 
As a larger portion of the flange has yielded, the buckling coef- 
ficient drops considerably. Yielding across only 20% of the flange 
for example decreases k by over 50%. 
Culver   determined width-to-thickness requirements by 
using appropriate limiting values of the curvature, the rotational 
restraint of the web, and the degree of lateral flange bending. The 
resulting b/t requirements to insure full yielding across half of 
the flange were similar to the requirements now used for straight 
girders. 
The effect of residual stress on local buckling varied due 
to the different residual stress patterns resulting from different 
fabrication methods. Test on non-compact sections verified the 
predicted results for curved girders fabricated by welding flame- 
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cut curved places and that the width-to-thickness requirements 
determined are sufficient for heat curved girders also. For compact 
flanges, test results show considerable post-yield strength in 
bending could be developed. 
The resulting width-to-thickness design requirements are 
the same as those for straight girders.    Initial yield at the 
flange tip is the maximum stress level that can be obtained for 
non-compact sections, 
3200/*fy < b/t < 4400 *fy" (8a) 
Full yielding of the flange can be obtained for compact sections if 
adequate lateral bracing is provided, 
b/t < 3200//Fy (8b) 
where Fy is the yield strength. 
2.3 Lateral Buckling 
(2) Culver and McManus   developed a mathematical model to 
determine the lateral buckling load and second-order effects for 
horizontally curved girders. The derivation and summary of their 
work are summarized in this section In three parts, Elastic Buckling, 
Second-Order Effects, and Culver's Proposed Specification. 
2.3.1 Elastic Buckling 
The mathematical model used develops equilibrium equations 
for a deformed structure in the elastic range. This may be 
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considered second-order theory. From the second-order equations, 
linear departure equations from a reference state equilibrium 
configuration were derived. Solution of the linear departure 
equations will give the critical load for the structure. 
Equilibrium equations for an element of a horizontally 
curved plate girder are determined for the unloaded configuration, 
state 0 of Fig. 3. The centroid of the element moves through 
displacement u.,, v., w., and rotation 0. to the reference con- 
figuration state 1 of Fig. 3. In the reference configuration 
the moment curvature relationships are derived. The girder is 
assumed to retain its shape and is lnextensible along the length. 
The girder element is assumed to displace from the 
reference configuration, state 1, by u., v., w_, and 0- measured 
in the X.,, Y., Z. axis to state 2 of Fig. 3.  Equilibrium equations 
and moment curvature relationships are derived for state 2 by 
expressing the curvature and internal stress resultants as a sum- 
mation of those for the reference configuration, state 1, and the 
departure from the reference configuration. By subtracting the 
reference state equilibrium equations from the equilibrium equations 
for state 2, equilibrium departure equations are obtained. 
Similarly the moment curvature departure equations can be determined. 
The departure equation is for the girder element moving from state 
1 to state 2, or from an unbuckled position to a buckled position. 
By assuming that the products of internal stress resultants 
and displacement variables for the reference state can be neglected 
-14- 
and that the reference state curvature and twist can be taken as 
equal to the unloaded values, a set of linear homogeneous differ- 
ential equations are obtained. These equations can be used to 
determine the critical values of the load parameters. 
Culver considered a segment of a curved girder of length I 
subjected to end moments and end bimoments as shown in Fig. 4. The 
biomoment results from non-uniform torsion and is represented by 
equal and opposite flange moments. The boundary conditions used 
were Uj_ - u^'  - v%  - 0±  - 0, Vj" - M/EIx> and 0^' + v^'/R - B/EIw at 
Z.. - 0, I  for first order theory. 
First-order theory gives the internal stress resultants 
for the reference configuration, state 1. Since the applied end 
moments and bimoments are constant, the internal stress resultants 
of the departure configurations, state Z, must equal those of the 
reference configuration. From this the set of linear homogeneous 
differential equations may be written in terms of the departure 
state displacements (u., v2, and jL) and their derivatives to 
define the buckling equations for the segment of girder subjected 
to end moments and bimoments. 
To determine the accuracy of the determined governing 
equations, the buckling load for a near straight girder (* - .0001) 
was determined. The value of the critical moment was essentially 
the same as published values for straight girders. The critical 
moment was determined for several values of the central angle, of 
the length-to-width of the flange ratio, of end bimoment, and of 
-15- 
moment gradient. The effect of curvature and end bimoment were 
small and the effect of moment gradient was similar to that of 
straight girders. The influence of the boundary conditions was 
also considered. The critical moment for the case of fixed support 
increases considerably for an increase in curvature. 
(2) Culver   determined that the critical Euler buckling loads 
for a horizontally curved girder are essentially the same as those 
for a corresponding straight girder with the same loads in the 
elastic range. The second-order differential equations define the 
critical loads for a curved girder, but not the second-order 
deflections and the corresponding internal stress resultants. 
2.3.2 Second-Order Effects 
(2) Culver   derived deflection amplification equations to 
describe the bending of the girder from state 0 to state 2.  By 
adding the linearized equations of bending at state 1 to the depar- 
ture equations, the girders bending response is fully described. 
The deflection amplification problem leads to the same governing 
equation as the departure analysis, but with non-homogeneous 
boundary conditions.  Solving the deflection amplification formula- 
tion with the non-homogeneous boundary conditions does not give 
values for the critical loads, bur rather the deflections for a 
given load value.  Load deflection curves obtained from the 
solution of the deflection curves obtained from the solution of the 
deflection curves obtained from the solution of the deflection 
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amplification formulation can be used to determine the internal 
stress resultants. 
First-order theory predicts values for vertical deflection 
and rotation for a curved girder. It does not predict the lateral 
deflection that takes place. The deflection amplification formula- 
tion fakes into account second-order effects and gives values for 
the lateral deflection. From the load deflection curve for 
lateral deflection the internal moment about the Y axis can be 
determined. 
Figure 5 shows the distribution of the internal moments 
and biomoment of a straight girder where M*-M/(M )  , M * - 
xx  cr st' y 
My/(Mcr)st, and B* - B/*(Mcr)s(.. The applied end biomoments were 
such that the ratio of warping to bending stresses at the end of the 
girder, 0" /o. , is - 0.5 (compression on outer edge of flange). 
WD 
The internal moment about the y axis and the bimoment increase 
significantly towards the center of the span. 
Culver investigated the change of the displacements, twist, 
Internal moments and bimoment with respect to an increasing applied 
end moment M*, where M* «*i/(M ) . in the elastic range. The 
cr st 
vertical deflection and internal moment about the X axis, M^* agreed 
fairly well with linear theory for small curvatures. The lateral 
deflection, twist, M * and B* grow linearly up to M* - 0.3, and 
then grow rapidly in a non-linear fashion. The lateral displacement 
and corresponding bending develop immediately upon loading. This 
-17- 
#p^l 
displacement and bending cause flange bending and results in 
stresses larger than those predicted by linear theory. Figure 6 
shows the Increase in twist and bimoment over that predicted by 
first-order theory, 0. and B., versus M*. 
The computational effort involved in the deflection ampli- 
fication formulation is very complicated. A simplified model was 
developed to determine the internal lateral bending moment, M , from 
results obtained by linear theory. By assuming the twist and 
vertical deflection in the departure state, state 2, can be approxi- 
mated by the twist and vertical deflection predicted by first-order 
linear theory, state 1, the internal lateral bending moment becomes 
the project of the internal bending moment M ., and torque, M ., 
predicted by linear theory about the y. axis. 
My ".- Mxl K  ~ Mzl V <9) 
A comparison was made between results obtained from the 
deflection amplification analysis and those from the simplified 
model. For small values of M*, the agreement is good. At M* - 0.3, 
the difference is less than 10Z with the simplified model giving 
the lower value. The reason for the lower value is because the 
twist in the departure state increased non-linearly as M* increased, 
and therefore, assuming the twist is the same in the reference and 
departure state is not accurate. 
The simplified model does not account for the large 
increase in twist and bimoment due to second-order effects. A 
-18- 
amplification factor was derived by curve fitting Fig. 6 to 
account for second-order effects* The amplification factor was 
applied to the internal bimoment and the angle of twist, 0., in 
calculating the Internal lateral bending moment, M . The following 
amplification factor was used. 
A     n*..  „  » ..    1 - 0.86 M* + 0.4 M*2  ,,n. Amplification Factor - ■—: TTJ   (10) 1 — M** 
A comparison of results from lateral buckling tests with 
the predicted stresses from the deflection amplification analysis and 
the simplified model was made to check the validity. The stresses 
calculated using the deflection amplification analysis and the 
simplified model are almost identical.  The measured bending 
stresses are about 10% lower than the calculated values. The 
warping stresses and radial bending stresses, those due to lateral 
bending, were more difficult to predict due the undetermined re- 
straint provided by the bracing during the tests. The predicted 
warping and radial stresses do not compare well with test results 
because the end restraint and resulting bimoment could not be 
determined. 
The deflection amplification and the simplified model 
assumed that there was no cross-sectional deformation.  Culver 
accounted for the cross-sectional deformation by considering a 
section of girder as shown in Fig. 7. Due to bending thrust must 
be resisted by a uniformly distributed radial load, a,     A,/R. 
D   I 
Since the webs of curved plate girders are thin, they were assumed 
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not effective in providing resistance to cross-sectional deforma- 
tion and could not provide the uniform radial load to resist the 
flange thrust. Therefore, the flange was assumed to resist the load 
by lateral bending. The flange was modeled as a fixed beam with 
the uniform load o. A/R acting along the length. 
2.3.3 Culver's Proposed Specification 
The effect of curvature on lateral buckling for curved 
plate girders is small provided local buckling is prevented. Due to 
curvature, normal stresses develop faster for a given load than in 
a corresponding straight girder. The level of stress must be known 
to prevent a premature failure. 
(2) Culver   considered a section of girder between lateral 
bracing points, diaphragms, to determine the level of stress for 
given values of end moment and bimoment. Figure 8 shows the distri- 
bution of stresses along the length of the girder that were 
considered. These stresses include bending stresses (a. ) .and 
D 
warping stresses (o ) due to the applied end moment, radial 
bending stresses (O.) due to the internal lateral bending moment, 
and distortional stresses (a.). 
For a given girder and a given ratio of applied end moment 
to bimoment which defines 0 /a    at the end of the span, the total 
state of stress can be defined in the elastic range. Linear theory, 
the simplified model and the amplification factor are used to deter- 
mine bending, warping and radial stresses. The fixed beam model 
was used to determine the distortional stresses.  Curves were 
-20- 
developed that showed the end moment required to cause first yield. 
First yield will occur at a tip of the compression flange either 
at the center or end of the span considered. 
Figure 9 shows the relative contribution to the total stress 
at the tip of the flange at first yield due to bending, warping and 
radial bending stresses for straight girder (H/R - 1 x 10~ ). No 
distortion stresses develop in the straight girder. The amount of 
radial bending stress becomes significant as £/b increases. However, 
this radial bending stress is not considered in straight girders. 
A series of curves were developed to determine the ratio of 
applied end moment to yield moment, M/M., where M„ - SF . The 
bottom curve in Fig. 9 which shows the amount of the total stress 
due to bending is equivalent to the M/H^ curve for a straight 
girder. The ratio is a function of A /Af, D/t , tf/t , A/b, A/R, 
and o* /a . In developing design specifications, Culver set A /A, - 
1.0, D/t - 150, and tf/t - 3.0. The resulting curves are 
dependent upon £/b, £/R, and f /f, at the end of the span. The 
inverse of the ratio M/M~ can be thought of as an amplification 
factor for the bending stresses that will give the flange tip 
stress due to bending, warping, lateral bending and distortion. 
(13) Culver developed an allowable stress design specification 
that expressed the allowable stress in the form 
Fbc-Pbs    P <U> 
where F.  is the allowable bending stress in a curved girder, F.  is be bs 
' -21- 
the allowable bending stress In a straight girder and p Is the 
reduction factor that takes Into account the Increase In stresses 
due to curvature, namely warping, radial, and dlstortlonal 
stresses. By curve fitting the M/*T curves, an equation for the 
reduction factor was obtained. The equation was broken Into two 
parts, p. due to bending stresses (a /a.   -  0) and p due to O W  D W 
warping stresses. The following equations were obtained 
Fbc " Pbs p <U> 
*bc " Fb. ". 'w <12) 
2 Fv F  - 0.55 F [1 - 3 (Vbr -s1-] (13) 8
       
y
TT E 
%    " i + a/R) (l/b) (14) 
* 
P
w " 1 + (fw/fb)H - (Vb)/75J (15a) 
o - 0.95 +  (£/b)/[30 + 8000 (0.1 - A/R)2]    ( ... 
Pw 1 - 0.6 (f /f.) U5b; WD 
where (f /£,)  Is the warping to bending stress ratio at the 
diaphragm. 
The smaller value obtained from Eqs. (15a) and (15b) should 
be used. The maximum values for the variables are 0.1 for £/R, 25 
for Jt/b, and 0.5 for l^/fj. 
The reduction factors were derived from curves that were 
based on first yield of the girder. This Is the same state of 
stress that local buckling requirements for noncompact flanges were 
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derived. Therefore, Eqs. 14 through 15b are most applicable to 
noncompact flanges. 
The state of stress in the flange is allowed to reach full 
yield for a compact flange. Since the flange tip yields first, 
the inelastic response of the girder must be considered to attain 
full yielding across the flange. To simplify the Inelastic 
response, it was assumed that yielding takes place at a single 
cross-section and that the stiffness properties in the rest of the 
girder remain constant. It was also assumed that failure would 
occur when the full cross-section has yielded. Due to some of the 
conservative factors built into the elastic model, it was assumed 
that the full web was effective in bending. 
A series of curves were developed to determine the applied 
end moment necessary to yield the entire cross-section considering 
bending, warping, radial and deformational stresses and is expressed 
by the ratio M/My. Again by curve-fitting, the following equations 
were obtained for the reduction factor for compact sections to be 
used in Eq. 11. 
p ±      (16) b
   i + a/R - o.oir a/b) u + (/b/6] 
p   - 0.95 + 18 (0.1 - A/R)2 
w 
W      D 
pb [i - 3 w/br -f-) (17) 
If    E 
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The product of Che above equations shall not exceed 1.0, which 
limits the overall capacity for an adequately braced girder to 
*r - SV 
The combined bending and warping stress calculated at the 
support was limited to the maximum allowable stress of 0.55 F . 
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3.  TESTING OF CURVED PLATE GIRDER ASSEMBLY 
3.1 Description of Girder Assembly 
The plate girder assembly tested consists of two 40 ft. 
long plate girders curved to a radius of 120 ft. The two girders 
are connected by five diaphragms, one at each end, at each quarter 
point, and at the center. Schematic plan and cross-sectional 
views are shown in Figs. 10 and 11. Table 1 summarizes the cross- 
section dimensions and the non-dimensional parameters discussed in 
Chapter 2. 
The girder assembly was designed for fatigue tests for the 
previous research work on fatigue of curved girders done at Lehigh 
University. Design details and fatigue test results are presented 
in Refs. 15 and 16. Cracks due to the fatigue tests which could 
influence the ultimate strength tests were repaired. Repairs con- 
sisted of welding small patch plates over the visible cracks or 
removing the crack tip. Other modifications to the assembly from 
the fatigue tests consisted of removing several intermediate web 
stlffeners and adding several bearing stiffenera at the load and 
support points of the ultimate strength tests. 
The dimensions and parameters of the ultimate strength 
test of a similar curved plate girder assembly from the fatigue 
research project are also presented in Table 1. 
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3.2 Test Procedure 
Three tests were conducted on the curved plate girder 
assembly. All tests were static loading of a simple supported 
assembly. Figure 10 shows the load position for the three tests 
(Tl, T2, T3). The tests were conducted In the 5,000,000 pound 
Baldwin Universal Testing Machine located at Fritz Engineering 
Laboratory, Lehlgh University. 
Roller supports as shown in Fig. 12 were placed at the 
end of each place girder to support the assembly. The supports 
allowed for restraint free axial and transverse displacements and 
flexural rotation of the assembly. Torsional restraint was 
provided at each end as shown In Fig. 13. Load cells were used to 
record the tie-down forces generated at the torsional restraint. 
The concentrated load was applied to the center of the flange 
through a series of bearing plates that permitted the top flange to 
rotate with the girder assembly. However, the bearing plates 
restricted the lateral displacement of the flange due to frictlonal 
forces. 
Test 1 was conducted in three phases. With the load at 
the quarter point of the outside girder, see Fig. 14a, the load was 
applied incrementally up to 161 kips at which point the load 
deflection curve leveled off, and then was incrementally unloaded 
to zero. Deflection and strain measurements were recorded at each 
increment. The second phase was conducted in the same manner. 
Three 4 x 4 x 3/8 in. angles were clamped to the compression flange 
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in the second quarter panel adjacent to the load at equal spacing, 
see Fig. 14b. The maximum load in the second phase was 165 kips. 
For the third phase, the angles were removed and matching transverse 
web stiffeners were welded to the girder at the center of the second 
quarter panel adjacent to the load, see Fig. 14c. The assembly 
was then loaded to a maximum 161 kips and unloaded to complete the 
third phase. 
The outside girder was loaded at the other quarter point 
for Test 2. Deflection and strain measurements were recorded «t 
increasingly higher loads. A maximum load of 198 kips was attained. 
Test 3 was conducted in the same manner with the load applied at the 
quarter point of the inside girder. A maximum load of 198 kips was 
attained. 
3.3 Instrumentation 
Electrical resistance strain gages were used to measure 
live load strains. Strain gages were placed near the tips of the 
flanges, on the diaphragm bracing and on the transverse web stiffeners. 
stiffeners.  Rosette strain gages were placed on the web.  By 
placing the strain gages at six cross-sections, the strain distri- 
bution along the length could be determined. 
Vertical and horizontal displacement measurements were 
recorded at a number of points along the girder. Ames dial gages 
were used to take these measurements within .001 inch.  Figure 15 
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shows Che locations of the deflection dials for Test 1. Web 
deflections at several cross-sections were also measured. 
3.4 Test Results 
Strain and deflection measurements to define the overall 
behavior of the girder and the behavior of the compression flange in 
the region of the load point will be presented here. The section of 
the girder between the support and the load has a high shear load. 
The section of the girder between the load and the center diaphragm 
has a high moment and therefore is the most critical section of 
the compression flange. The controlling limit state for all the 
tests was the lateral deflection of the compression flange in this 
critical section which developed into a lateral buckle. 
The loading during the first two phases of Test 1 was 
increased until the vertical and lateral deflection increased sub- 
stantially for a small increase in load. Bracing for the second 
phase was added to the compression flange to limit the lateral 
deflection but little improvement was noticed. For the final phase 
the girder was loaded past the ultimate load. In the region of the 
maximum load, strain and deflection readings were taken after the 
girder stabilized, that is when the load and deflection both 
remained constant.  In the post-ultimate load region, large increases 
in deflection were recorded for small decreases in load. 
The load versus vertical deflection of the girder 
under the load point and horizontal displacement of the compression 
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flange midway between the load point and center diaphragm are shown 
in Figs. 16 through 18 for the three phases of Test 1. The permanent 
inelastic deformation from the previous tests are not included in 
the deflection curves for the second and third phases. The 
deflection of the supports represents the rigid body motion of the 
girder. The plotted deflection is the difference between the 
measured deflection and the rigid body motion. 
The load versus vertical deflection curve for the first 
phase is linear up to 100 kips. Thereafter, the curve becomes 
non-linear due to residual stresses. Most of the residual stresses 
were removed upon unloading. The vertical deflection curves for 
the second and third phases remained linear to near the maximum 
load.. 
As the load approached the maximum load the lateral dis- 
placement of the compression flange increased extensively indicating 
the formation of a lateral buckle in each phase of Test 1. 
Figures 19 through 21 shows the lateral displacement along 
the length of the compression and tension flange at 100 kips and at 
maximum load for each phase of Test 1. The compression flange tends 
to displace outward, or increase its curvature while the tension 
flange tends to displace inward, or straighten out. The load point 
does not move laterally and therefore restricts the movement of 
the top flange. At 100 kips the lateral displacement of the top 
flange is very small and is not shown. 
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The relative lateral displacement of the tension and 
compression flange represent the amount of raking that takes place. 
Figure 22 is a schematic example of this raking and the resulting 
cross-sectional shape. 
The lateral curvature of the compression flange was obtained 
from strain readings on the inner and outer edges of the flange. 
The curvature is determined by the equation 
5
 " 
(ei"eo)/h (18) 
where e. and e are the strain readings on the inner and outer edges 
and h is the distance between the gages. Strain readings were for 
a limited length of the flange on both sides of the load point. 
Figures 23 through 25 show the lateral curvature along the 
length of the girder on the top and bottom surfaces of the compression 
flange. The curvature is plotted for the load at 100 kips and the 
maximum load. 
The plot of the curvature is discontinuous at the load 
point. Strain readings could not be recorded at this point due to 
the load bearing plates. Strain gages were placed 6-1/2 in. away 
from the load point on both sides. From the data points of these 
gages, the plots of the lateral curvature are extended towards the 
load point. 
The point where the lateral curvature is zero is the 
inflection point of lateral bending of the flange. The position 
of the inflection point was independent of the magnitude of the 
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load. Table 2 lists Che distance of the inflection point from the 
load point (d_ ) as a ratio of the distance to the unbraced length 
of the flange (£).  If symmetry of the span is assumed, then another 
inflection point would occur at the same distance from the center 
diaphragm. The distance between the two inflection points would be 
the effective length (A f-) for lateral buckling. The ratio of the 
effective length to unbraced length is also listed in Table 2. 
Test 2 was conducted on the outside girder with the load at 
the other quarter diaphragm. An angle was clamped from the outside 
girder flange at the lateral buckle from Test 1 to the inside girder 
to restrict horizontal deflections. 
The load versus deflection curves for Test 2 are shown in 
Fig. 26. The vertical deflection curve becomes non-linear near 100 
kips due to residual stresses. Near the maximum load, a loud noise 
was heard and the flange'"and web began to buckle laterally in the 
span adjacent to the load. The bending stiffness of the girder 
decreased rapidly with the formation of the lateral buckle. This 
resulted in the leveling off of the load versus vertical deflection 
curve. After the maximum load was attained, the load decreased 
8lowly as the deflection increased. 
The results of Test 2 are very similar to those of Test 1. 
The lateral displacement and lateral curvature of the flanges shown 
in Figs. 27 and 28 have the same characteristics as those of Test 1. 
Lateral curvature measurements were taken only for the top of the 
compression flange. 
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The distance between the inflection points, the effective 
length can be estimated directly by measurement of Fig. 28. The 
accuracy of this measurement is not sufficient due to the limited 
number gages used and the distance between the gages. Table 2 
summarizes the position of the inflection points and the resulting 
effective length. 
Figure 29 shows the section of the girder adjacent to the 
load point where the lateral buckle formed. The lateral buckle of 
the flange extended into the web. The area where the white paint 
has flaked off at the flange web intersection indicates that yielding 
has taken place. Figure 30 shows a top view of the compression 
flange in the region of the lateral buckle after unloading. Note 
that the permanent deformation after failure is not very severe 
and that the girder still has significant strength. 
The inside girder was loaded at the quarter diaphragm for 
Test 3.  Figure 31 shows the load versus deflection curves. The 
vertical deflection curve is much steeper than those of Tests 1 
and 2. This shows the effect of load position which generated a 
lower applied torsion as compared to loading the outside girder. 
The lateral deflection of the compression and tension flange 
are both outward as shown in Fig. 32. In Tests 1 and 2 the tension 
flange tended to straighten out, but in Test 3 it deflected in a 
similar manner to the compression flange.  This is due to the 
position of the load and the resulting torsion. The lateral curvature 
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for the compression flange is similar- Co those of Tests 1 and 2 as 
shown in Fig. 33. 
Yield lines were observed on the bottom of the compression 
flange above the panels adjacent to the load point. The yield lines 
were first observed at a load of 150 kips. At the ultimate load a 
lateral buckle developed as in the previous tests. 
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4.  EVALUATION OF TEST RESULTS AND MODIFICATION OF ANALYSIS 
4.1 Comparison of Theoretical and Test Results 
The three limit states investigated by Culver were web 
shear capacity, flange, local buckling and lateral buckling of the 
compression flange. A testing program consisting of 22 tests on 
curved plate girders was conducted to determine the accuracy of 
the developed theory. 
Straight girder theory was used to predict the web shear 
(4 5) 
capacity of curved girders.  Test results  '  indicate that 
straight girder theory overestimates the strength of curved webs 
by five to ten percent. 
Local buckling requirements restricting the width-to- 
thickness ratio (b/t) of the flange were determined by Culver to be 
the same as for straight girders.    However, the state of stress 
for curved girders is not the same as for straight girders. For 
non-compact flanges, the maximum stress is the yield stress.  For 
straight girders, the maximum stress develops across the flange 
width. The maximum stress in a curved girder develops at the edge 
of the girder due to lateral flange bending stresses.  It was 
assumed that the distribution of stress was constant along the 
length.  However, the maximum stress may be very localized in 
curved girders due to the distribution of these lateral flange 
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bending stresses along the length. For non-compact flanges, the 
entire flange can be yielded. 
(4 5) Tests  '  show that considerable post-yield bending 
strength can be developed for girders with compact flanges if the 
flange is adequately braced. For girders with non-compact flanges, 
the post-yield bending strength is reduced due to the formation 
of a local buckle. At the maximum width-to-thickness ratio, the 
post-yield strength reduces to zero. The post-yield strength for 
non-compact flanges has not been accounted for in the present (1982) 
tentative design specifications. 
Culver determined that the lateral buckling of a curved 
girder is essentially the same as that of a straight girder. 
However, due to second-order effects, additional stresses develop in 
curved girders.  Reduction factors were developed to account for 
these stresses. The reduction factors were developed for non- 
compact flanges based on first yield of the flange tip and for 
compact flanges based on full plastification of the cross-section. 
Test results show that the reduction factors are very 
conservative. Table 3 lists the predicted and measured moment 
capacity from nine tests conducted by Culver '   , one earlier 
(9) test from Lehigh University  , and the three tests reported here 
in Chapter 3.  The tests conducted at Lehigh were on two curved 
girder assemblies. The yield moment calculated was for the entire 
assembly for Test NPG1, and for one girder for Tests 1, 2 and 3. 
For Test 3, the influence of the unloaded girder is greater than 
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in Tests 1 and .2, and therefore, the maximum load is much higher 
than predicted. 
The tentative design specifications   allows the use of 
only the first yield reduction factors. This is extremely conserva- 
tive for girders with compact flanges. The measured strength was 
more than twice the predicted strength using first yield for most 
girders. 
The average increase in the measured strength over the 
predicted strength using first yield criterion for non-compact 
sections and ultimate strength for compact sections is over 30Z. 
Culver   suggests that the conservatism is in part due to the 
neglection of the web and transverse stiffeners in determining 
resisting deformation. Other reasons for the excessive conservatism 
are that due to the continuous nature of the flange, the effective 
lateral buckling length is reduced, that any redistribution of 
stresses are ignored, and that radial bending stresses that are 
neglected in straight girders are over-emphasized. 
To obtain more accurate reduction factors, the above 
considerations will be incorporated into Culver's derivation to 
develop new first yield and ultimate strength curve and obtain the 
new reduction factors. 
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4.2 Effective Length 
The critical Euler buckling load for a horizontally curved 
girder is essentially the same as a corresponding straight girder 
with the same loads in the elastic range.  Due to residual stresses, 
the girder becomes inelastic before the predicted stresses reach 
yield.  Culver assumed that the inelastic buckling behavior of 
curved girders would also be the same as straight girders. The 
inelastic buckling formula    is given by 
>1  - Mw [1 - 3 a/b)Z -f1-) (18) 
"   
y
TT
2
E 
where (2,/b) is the slenderness ratio of the flange. 
The compression flange of a curved girder has to resist 
lateral bending due to warping, radial bending, and distortion. 
Because the flange is continuous over the diaphragms, It acts like 
a continuous beam over several supports. 
The derivation of Eq. 18 assumed that laterally, the flange 
was simply supported, with u" - 0 at both ends. For the case of 
simple supports, the lateral buckling length Is the distance between 
supports. The effective buckling length of a curved flange is 
reduced due to the continuous nature of the flange at the diaphragms. 
Figure 34 shows the effective buckling length, the distance between 
the inflection points, for three cases:  simple supports, fixed 
supports, and continuous at the diaphragms. 
The lateral curvature diagrams presented in Chapter 3 verify 
the continuous nature of the flange. Table 2 lists the effective 
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buckling length determined from lateral curvature diagrams. The 
maximum effective length was 74% of unsupported length and the 
average was 632.  For continuous beams subjected to a uniform 
(18) load   , the maximum distance between Inflection points Is 70Z. 
Considering the limited test data and the variability of 
loading, the effective length is conservatively chosen as 80% of 
the unsupported length. In order to keep the lateral buckling 
formula the same, the benefit of having a shorter effective length 
will be incorporated into the reduction factors. 
4.3 Reduction of Stresses at Diaphragms 
Figure 8 shows the distribution of Internal moments along 
the length of the compression flange. The lateral bending moments 
that develop due to bimoment, radial bending and distortion cause 
the total moment diagram to have a maximum value at the center or end 
of the flange span. The internal moment in the center region of the 
span does not vary much. Near the end of the span by the diaphragm, 
the moment has a high gradient. A short distance away from the 
diaphragm, the moment is much less than at the diaphragm. 
The stress distribution along the width of the flange is    } 
constant for bending stresses and varies linearly for warping, radial 
bending and distortional stresses. These stresses cause the maximum 
flange stress to occur at the edge of the flange as shown in Fig. 1. 
Hence, when the maximum stress occurs at the diaphragm, it 
is at the flange tip and is localized. Along the length the stress 
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drops off quickly due to the decrease in lateral moment, and across 
the width of the flange, the stress reduces quickly according to 
the stress distribution pattern. 
The first yield criterion becomes very conservative if the 
maximum stress occurs at the diaphragm.  If a large portion Instead 
of the total calculated warping and distortional stresses are used 
for the flange at first yield, the condition is equivalent to that 
a small width of the flange will be allowed to yield for a very 
short length of the girder. 
The ultimate strength criterion is also conservative if 
the maslmum stress occurs at the diaphragm because the redistri- 
bution of stresses that takes place is ignored. Reducing the 
calculated warping and distortional stresses would allow more 
yielding of cross-sections for a short length of the span. 
Both the AASHTO Standard Specification for Highway 
(17) (18) 
Bridges    and the AISC Manual of Steel Construction    allow a 
reduction in the calculated stresses at the supports of continuous 
beams.  If the flange is thought of as a continuous beam and the 
diaphragms are the supports, the lateral bending stresses should be 
reduced at the diaphragms. 
The distribution of lateral moment is assumed to come to a 
sharp peak at the diaphragm. Due to the width of the diaphragm, 
the sharp peak in the moment diagram is rounded off, reducing the 
calculated stresses at the diaphragms. 
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The calculated warping and distortional stresses shall be 
reduced 20Z In developing more accurate reduction factors. This Is 
the same reduction permitted by ASSHTO •   at supports of continuous 
girders. For the first yield criterion, a 20% reduction corresponds 
to only 10% of the flange width yielding over a very short length 
of the span. Local buckling requirements will not be effected 
because the yield zone Is very small and the diaphragm restrains the 
flange. 
4.4 Distortional Stresses 
Culver assumed that the web and the transverse web 
stlffeners were not effective In restraining the flanges from a 
relative lateral displacement, raking, as shown In Fig. 22. 
Ignoring the web and stlffeners, the distributed load In Fig. 7 must 
be resisted by the flange alone. This approach Is conservative and 
leads to high calculated distortional stresses. 
The restraining effect of the web Is to be Included In the 
development of more rational reduction factors. The stiffness of 
the web was determined by the use of finite differences. The web 
was assumed fixed at the diaphragms and along the bottom flange, and 
rotatlonally restrained, but free to move laterally along the top 
flange. It was assumed that the distance between diaphragms was 
2.5 time8 the depth of the web. The stiffness of the web was 
determined for a uniformly distributed transverse load, and Is given 
by 
-40- 
K . - 2.2 E/(D/t )3 (19) 
web w 
The stiffness of the flange subjected to a uniformly 
distributed load with the flange fixed at both ends is given by 
K,_ - 38.A - (20) 
"       (D/tu)(*/b)J w 
Because the stiffness of the flange and web were both determined for 
the same type of load, the stiffness of the web flange system is 
the sum of the Individual stiffnesses. 
The deformational stresses in the flange can be determined 
by multiplying the calculated stresses considering the flange only by 
the ratio of the stiffness of the flange to the stiffness of the 
flange web system. The ratio is given by 
Kfi        .       17.4/q/b)3  (21) 
Kfl + Kweb        17.4/U/b)3 + l/(D/t )2 
w 
This approach is also conservative for high web slenderness 
ratios because the effect of the transverse stiffeners is not con- 
sidered.  The test results presented in Chapter 3 and those reported 
by Culver  ' '  indicate that the transverse stiffeners are 
effective in reducing distortion of the cross-section and therefore, 
the distortional stresses. 
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4.5 Radial Bending Stresses 
The reduction factors convert the load required to produce 
a certain state of stress In a straight girder to the load required 
to produce the same state of stress in a curved girder. Therefore, 
the reduction factors should account for the difference in stresses 
in a curved girder as compared to a straight girder with the same 
load. 
Radial bending stresses develop in both straight and curved 
girders.  Figure 9 shows the percentage of the maximum stress used 
to resist radial bending. The reduction factors should account for 
the difference in radial bending stresses that develop in straight 
and curved girders. By subtracting the radial bending stresses in 
an equivalent straight girder from the curved girder values, the 
difference can be used in the derivation of more accurate reduction 
factors. 
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5.  SUMMARY 
Culver investigated the web shear capacity, the local 
buckling of the compression flange, and the lateral buckling of the 
compression flange of horizontally curved plate girders. The web 
shear capacity was approximated by that of a straight girder. Test 
results indicate that straight girder theory is unconservative for 
curved girders. The local buckling and lateral buckling requirements 
were determined to be essentially the same as straight girders. Test 
results reported in Chapter 3 and by Culver ' '  substantiate these 
findings. 
Additional stresses develop in curved girders due to 
curvature. These stresses Include radial bending stresses, distor- 
tional stresses and Increased warping stresses duetto second order 
effects. Culver developed reduction factors to account for the 
additional stresses. Test results have shown that these reduction 
factors are overly conservative. 
To develop more accurate reduction factors, modifications 
to the development of the present reduction factors were obtained. 
Four modifications were Investigated to be included in the develop- 
ment of new reduction factors. The modifications are: 
1. The effective buckling length was observed in tests 
to be less than the length between the diaphragms. 
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Measurements of the lateral curvature In the flange 
led to the selection of using 0.80 of the length as 
the effective length. 
2. The warping and distortional stresses at the diaphragm 
are very localized across the flange and along the 
length. By allowing a small amount of yielding for 
first yield criterion and some redistribution for 
the ultimate strength criterion, 80Z of the calculated 
warping and distortional at the flange tip shall 
be used for the modified approach. 
3. The web and the transverse stiffeners share in 
restraining the girder from distorting along with 
the flange. The stiffness of the web was determined 
and combined with the stiffness of flange to resist the 
distortional load. 
4. The reduction factor converts a curved girder to an 
equivalent straight girder. Therefore, the 
reduction factors should account for the difference 
between straight and curved girders. By subtracting 
the radial bending stresses in a straight girder 
from those of "a curved girder, the radial bending 
stresses are reduced and the resulting reduction 
factors are more rational. 
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These modifications are to be incorporated into Culver's 
(2) procedure   for obtaining first yield and ultimate strength curves. 
By curve fitting these curves, simplified and more accurate reduction 
factors will be obtained. 
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TABLE 1 CROSS-SECTION DIMENSIONS AND PARAMETERS 
Dimensions: 
Span Length (1) 
Unbraced Length (I) 
Radius (R) 
Web Depth (D) 
Web Thickness (t) 
Stiffener Spacing (do) 
Flange Width (b) 
Flange Thickness (t) 
Previous 
Test 1 Test 2 Test 3 Test 
40 ft 40 40 40 
10.2 ft 10.2 9.8 10.0 
122.5 ft 122.5 117.5 120.0 
58 in 58 58 52 
5/16 in 5/16 3/8 3/8, 9/32 
122 in 39 61 120 
10 in 10 8 12 
3/4 in 3/4 1/2 1 
Parameters: 
D/t 
w 
do/D 
b/t 
fc/R 
lib 
186 186 155 144, 192 
2.10 0.67 1.05 2.31 
13.3 13.3 16.0 12.0 
0.083 0.083 0.083 0.083 
12.2 12.2 14.7 10.0 
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TABLE 2 LOCATION OP INFLECTION POINTS AND THE EFFECTIVE 
LENGTH 
d/ 
»/, "eff/, 
Flange Side: 
Test 1 
First Phase 
Second Phase 
Third Phase 
Test 2 
Test 3 
Average 
Top Bottom Top Bottom 
0.17 0.14 0.65 0.72 
0.17 0.13 0.66 0.74 
0.17 0.13 0.66 0.74 
0.28 — 0.44 — 
0.22 0.23 0.56 0.54 
0.63 
d_p - distance from diaphragm to inflection point 
%       - distance between diaphragms 
A f_ ■ distance between Inflection points 
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I 
T 
Girder - Test 
Culver's Tests 
C8-2 
Ll-A 
L2-A 
L2-B 
L2-C 
Gl-3 
Gl-4 
. Gl-5 
GO-8 
Lehlgh Tests 
NPG1 
Test 1 
Test 2 
TABLE 
b/t  4/R A/b 
20.0 0.05 8.0 
15.4 0.10 10.0 
15.4 0.10 10.0 
15.4 0.10 10.0 
15.4 0.10 10.0 
7.8 0.05 7.7 
7.8 0.05 7.7 
7.8 0.10 15.3 
15.8 0.10 10.6 
3 COMPARISON OF PREDICTED AND MEASURED 
Vab M M ** cr 
12.0 0.08 10.0 - 
13.0 0.08 12.2 -, 
13.0 0.08 12.2 -. 
Average 
*(4.5,6) 
** 
First yield computed using Eqs. 14 
klp-ln 
0.15 2420 
-.40 1950 
-.40 1976 
0.24 1976 
-.02 1976 
-.24 1387 
-.24 1387 
-.50 1387 
-.50 2152 
22 35148 
30 21630 
30  15530 
First Ultimate 
Yield Strength 
1460 
696 
704 
1066 
952 
786 
786 
386 
705 
1618 
1639 
1386 
1446 
946 
946 
968 
1828 
15578 29985 
7363 18207 
4720  11985 
M 
max 
kip-in 
2241 
1830 
1830 
1833 
1944 
1636 
1675 
1377 
2120 
44880 
19800 
23760 
First 
Yield 
1.42 
2.63 
2.60 
1.72 
2.04 
2.08 
2.13 
3.74 
3.00 
2.88 
2.69 
5.03 
2.71 
M 
max 
M 
cr 
Ultimate 
Strength 
1.13 
1.12 
1.32 
1.31 
1.20 
1.23 
1.42 
1.16 
1.50 
1.09 
1.98 
1.31 
and 15. 
Ultimate strength computed using Eqs. 16 and 17 
Warping 
(a) NORMAL STRESSES 
Distortional Radial Bending 
**Z7 
St. Venant Torsion 
fer->7rl Bending 
Non-Uniform Torsion 
(b) SHEARING STRESSES 
1^ Z •*- ~Z-   ~Z- 1 
FIG. 1 - STRESSES ON CROSS SECTION 
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\ 
^ J ' F 
FIG 2 - LOCAL BUCKLING MODEL 
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FIG 3 - DISPLACEMENT COMPONENTS 
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FIG. A - CURVED PLATE GIRDER WITH END LOADS 
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1.0 
M* 
x 
0.0 —L- 
0.5 
Z/L 
1.0 
1.0 
£/R-0.3, -£/W5,.D/b«3, tf/tw-3 
FIG. 5 - INTERNAL STRESS RESULTANTS 
-53- 
l.Or- 
M*- 
0.2 lib -15, D/b-3, t,/t -3 Z  w 
D/tw-165 
0.0 
1.0       2.0 
X I 
3.0       4.0 
Second-Order 
First-Order 
5.0 
FIG.   6 - TWIST AND BIMOMENT RATIO 
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PIG. 7 - CROSS SECTION DISTORTIONAL LOADING 
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M 
B 
(due Co M) 
B 
(due to end B) 
M 
M* 
(due to distortion) 
FIG. 8 - DISTRIBUTION OP INTERNAL MOMENTS 
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100 
X F., 
^/b 
D/tw-165, VV°-5» VV0,5 
FIG. 9 - CONTRIBUTION OF EFFECTS - STRAIGHT GIRDER 
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TEST 3 
Load Point 
TEST 2 Load Point 
TEST 1 Load Point 
A see FIG. 11 
FIG. 10 - SCHEMATIC PLAN OF GIRDER ASSEMBLY 
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60" 
1/2"   8" 10"   3/4" 
FIG. 11 - CROSS SECTIONAL VIEW 
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FIG.   12   -   ROLLER  SUPPORT 
-60- 
FIG.   13   -   TORSIONAL  RESTRAINT 
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(a) First Phase 
(b) Second Phase 
(c) Third Phase 
FIG. 14 - TEST 1: FIRST, SECOND AND THIRD PHASE 
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-® 
>® 
f
-® 
TOP 
(5) Horizontal Dial 
fr® 
BOTTOM  © 
(?) Vertical Dial 
FIG. 15 - LOCATION OF DEFLECTION DIALS 
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— Horizontal 
  Vertical 
0.5 1.0 1.5       2.0 
DEFLECTION (inches) 
FIG. 16 - LOAD VS DEFLECTION, TEST 1, PHASE 1 
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200 
 Horizontal 
 Vertical 
1.5       2.0 
DEFLECTION (inches) 
FIG. 17 - LOAD VS DEFLECTION, TEST 1, PHASE 2 
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 Horizontal 
 Vertical 
1 
0.5 1.5       2.0 
DEFLECTION (inches) 
FIG. 18 - LOAD VS DEFLECTION, TEST 1, PHASE 3 
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161 kips 
Compression Flange 
^l1  k ,100 k 
Tension Flange 
Compression Flange 
Maximum Load 
FIG. 19 - LATERAL DISPLACEMENT, TEST 1, PHASE 1 
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161 kips 
Compression Flange 
^
165
 
k
    ^100 k 
Tension Flange 
'Compression Flange 
Maximum Load 
FIG. 20 - LATERAL DISPLACEMENT, TEST 1, PHASE 2 
-*8- 
161 kips 
Compression Flange 
161 k 
Tension Flange 
Tension Flange 
-Compression Flange 
Maximum Load 
FIG. 21 - LATERAL DISPLACEMENT, TEST 1, PHASE 3 
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A 
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// 
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TT -j ir 
ii 
ii 
il 
\'/* 
TL 
// 
4- 
rake 
FIG. 22 - RAKING DISPLACEMENT, EXAMPLE 
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  Bottom Surface 
FIG. 23 - LATERAL CURVATURE, TEST 1, PHASE 1 
-71- 
— Top Surface 
—Bottom Surface 
FIG. 24 - LATERAL CURVATURE, TEST 1, PHASE 2 
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 Bottom Surface 
■ i  ■ i'" . '■   ' i i i»11 iii'irmm 
FIG. 25 - LATERAL CURVATURE, TEST 1, PHASE 3 
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Horizontal 
Vertical 
1.5       2.0 
DEFLECTION (inches) 
FIG. 26 - LOAD VS DEFLECTION, TEST 2 
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160
 
k
 198k 
Compression Flange- 
198 k 
Tension Flange 
SL Compression Flange 
Tension Flange 
Maximum Load 
FIG. 27 - LATERAL DISPLACEMENT, TEST 2 
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FIG. 28 - LATERAL CURVATURE, TEST 2 
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FIG. 29 - WEB PANEL AND COMPRESSION FLANGE, 
POST-FAILURE 
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FIG. 30 - COMPRESSION FLANGE TOP VIEW, 
POST-FAILURE 
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 Horizontal 
—^ Vertical 
1 1 
0.5 1.0 1.5       2.0 
DEFLECTION (inches) 
FIG. 31 - LOAD VS DEFLECTION, TEST 3 
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Compression Flange 
'198 kips 
100 k 198 k 
Tension Flange 
Compression Fl. Tension Flange 
Maximum Load 
FIG. 32 - LATERAL DISPLACEMENT, TEST 3 
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1 
1 
1 
1 
FIG. 33 - LATERAL CURVATURE, TEST 3 
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Simple Support 
Continuous Support 
FIG. 34 - BUCKLING SHAPES: SIMPLE, FIXED, CONTINUOUS 
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NOMENCLATURE 
A- Area of the flange 
A Area of the web 
w 
B Blmoment 
B* B/L (Mcr) 
D Depth of web 
E Modulus of elasticity 
F.  . Allowable bending stress in curved beam 
F.  _ Allowable bending stress in straight beam 
F Yield stress 
y 
I Warping constant 
I Moment of Inertia about X axis 
x 
K-. Lateral bending stiffness of flange 
K. . Lateral bending stiffness of web 
L Span length 
M, Mp Applied moment and flange moment 
(M _) Critical moment for straight beam 
cr
 st 
ML, M , M Internal moment about x,y and z axis 
M *, M* M/M)', M/(M) 
x *    y x' cr/8t
f
 y'v cr'8t 
M* M/(H) 
cr 
st 
M„ Yield moment 
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NOMENCLATURE (continued) 
S Elastic section modulus 
R Radius of curvature 
V Ultimate shear capacity 
V ' Plastic shear capacity 
X, Y, Z Orthoginal curvilinear coordinates 
b Width of flange 
d Transverse stiffener spacing 
f. Bending stress 
D 
f Warping stress 
h Distance between strain gages 
k       .... Buckling coefficient 
I Unsupported length, distance between diaphragms 
2. f. Effective unsupported length 
t Thickness of flange 
t Thickness of web 
w 
u, v, w Displacements in x, y and z directions 
a Central angle 
AR Raking deflection 
£ Strain reading 
P. Bending stress 
a
. Distortional stress 
a
_ Radial bending stress 
a Warping stress 
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NOMENCLATURE (continued) 
♦ Curvature 
$ Rotation about z axis 
T Shear stress 
T Buckling shear stress 
T Shear yield stress 
y 
v Poissod's ratio 
p Curvature reduction factor 
p. Curvature reduction factor - bending stresses 
P Curvature reduction factor - Warping stresses 
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